2 THE PHYSICS DRIVING THE UPGRADE OF CEBAF TO
12 GeV

This chapter describes in more detail the powerful physics case behind the push for doubling
CEBAF’s energy to 12 GeV. The material is organized in terms of the campaigns outlined in
Section 1.A.

2.A Campaign 1: Testing the Origin of Quark Confinement

The goal of the Hall D project is the definitive and detailed measurement of the spectrum of exotic
hybrid mesons. These first-ever manifestations of the gluonic degrees of freedom in the spectroscopy
of hadrons will lead to an understanding of the most novel and spectacular prediction of QCD —
confinement. The most fruitful place to search for these mesons is in the light-quark sector, and the
optimal probe is the photon, which is expected to be far more effective in uncovering these states

than beams of m or K mesons have been.

The power of the photon probe lies in its virtual qq structure: the quark spins are aligned
as opposed to m or K mesons in which the quark spins are antiparallel. Unfortunately, almost
all data on the spectroscopy of mesons below 3 GeV/c? come from 7 and K-induced reactions,
central production in p-induced reactions, and pp annihilations. Tantalizing indications for gluonic
excitations have emerged from these studies, but the evidence is far from solid, and the details
needed for a full understanding are missing. The data in hand on the photoproduction of light
mesons are sparse indeed, essentially nonexistent. Spectroscopy experiments rely on detecting
complicated decays of produced mesons and on the full reconstruction of the reactions in which

they are created. Large statistical samples are also required.

Up to now, photon beams of sufficient energy, flux, and other requisite beam characteristics
could not be produced. The determination of quantum numbers of mesons is also greatly aided by
using photon beams which are linearly polarized. The superb electron beam characteristics (small
transverse emittance and energy spread) of the CEBAF accelerator make possible the employment
of the coherent bremsstrahlung technique for producing photon beams with a high degree of linear
polarization. Hybrid mesons, including those with exotic quantum numbers, are expected to lie in
the range from 1.5 to 2.5 GeV/c?. To reach these masses requires photons in the energy range from
8 to 9 GeV. This is based on the requirement that mesons are produced sufficiently above threshold

that line shapes are not distorted. This band of photon energies also allows for a solenoid-only-based
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detector which, particularly for high-flux photon beams, is optimal in achieving 47 hermeticity.

With an electron beam energy of 12 GeV, photon fluxes of up to 10® photons/s with 50%
linear polarization in the desired energy range are achievable. Even with initial fluxes of only 107
photons/s, the statistical sample collected after the first year of running will exceed those collected
with incident hadron beams by at least an order of magnitude. With this sample size collected
using a hermetic and well-understood detector, the application of the partial wave analysis (PWA)
technique will be able to uncover the exotic states, even if they are produced with cross sections
only a few percent of those for conventional mesons. Indeed, theoretical considerations [Af98, Is99b]
lead us to believe that the exotic hybrids will be produced with cross sections which are nearly

comparable to those of conventional mesons.

In what follows, we will expand on:

1. The role of glue in QCD. This will include a discussion of how the gluons form flux tubes, and
how their excitations lead to mesons with the gluon degree of freedom excited, in particular
exotic hybrids. This general picture is not restricted to a particular model but follows from
the first principles of QCD.

2. The current evidence for gluonic excitations. The evidence comes from overpopulation of
conventional nonets, and from possible glueball and exotic hybrid sightings in pp annihilations

and m-induced interactions.

3. Why the light-quark sector is the most fruitful venue for these searches. We will compare this

to searches in the charm or beauty quark sectors, or in ete™ annihilations.

4. Why photons are expected to be particularly effective in producing exotic hybrids. Its spin
structure makes the photon a qualitatively different probe from 7 and K beams. In addition,

there are meager data in hand on the photoproduction of light- quark mesons.

5. The importance of the PWA technique in uncovering exotic mesons. The PWA is a powerful
analysis tool that has been successfully employed in experiments to uncover states which are
not evident from a simple examination of mass spectra — “bump-hunting”. The importance
of a hermetic detector with excellent resolution and rate capability and sensitivity to a wide

variety of decay modes will be explored.

6. Why linear polarization of the photon beam is important for this search. Linear polarization
aids in determination of the J©'¢ quantum numbers, is essential in determining the production

mechanism, and can be used as a filter for exotics once the production mechanism is isolated.
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7. Why the ideal photon energy range is from 8 to 9 GeV. In order to reach the desired mass
range we need to be far enough above threshold to avoid line-shape distortions. We also want
to be high enough in energy to kinematically separate the production of baryon resonances
from the production of meson resonances. This need for higher photon energies, however, has
an upper limit because of additional considerations: the choice of a (simpler) solenoid-only-
based detector limits the maximum energy, and the possibility of increased flux and linear
polarization (both of which increase as the photon energy is decreased for a fixed available

electron energy).

8. The desired electron energy. Having established the desired range of photon beam energies,

an electron energy of 12 GeV provides sufficient flux and degree of linear polarization.

This then is the overview of the major physics thrust of the Hall D project. In addition to
studying hybrid mesons, both with exotic as well as non-exotic quantum numbers, we will have the
opportunity to study the ss sector as well. Little is known about s§ mesons. Knowledge about this
spectroscopy will allow us to connect from the light-quark (u and d) and the heavy-quark (¢ and

b) sectors. Details are provided in Section 2.A.6 below.

The Hall D collaboration formed to carry out this physics currently consists of about 90
physicists from 27 institutions. The team also includes a contingent of theorists who are working
closely with experimenters to focus the physics goals, to develop the analysis formalism and to
ensure that the results uncovered by the experiment will be used to achieve the ultimate goal —

understanding the confinement mechanism of QCD.

2.A.1 Spectroscopy of Gluonic Excitations

Flux tubes

Quantum chromodynamics (QCD) describes the interactions of quarks and gluons, and along
with the electroweak theory they form the successful standard model of particle physics. At short
distance scales, where perturbative techniques are applicable, QCD describes high-energy experi-
mental phenomena both qualitatively and quantitatively. QCD is distinct from QED in that the
force carriers of the former (gluons) carry color charge whereas for the latter the photons are elec-
trically neutral. The gluonic degrees of freedom are experimentally evident at high momenta and

manifested in the observation of gluon jets and the details of their production.

At large distance scales, the situation is far different. Here the successful calculational tech-
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niques of the perturbative regime cannot be used. We must rely on first-principles lattice QCD
calculations or QCD-inspired models. On the experimental side there is little or no evidence of
gluonic degrees of freedom as epitomized in the spectroscopy of hadrons. However, there are many
indications that all this is about to change. Developments on the theoretical and experimental
fronts give rise to optimism that these gluonic degrees of freedom will be observed, measured, and
understood in detail. The prize in understanding these new manifestations of gluonic degrees of
freedom (glueballs and hybrid mesons) is grand indeed: an understanding of the confinement mech-
anism of QCD. The phenomenon of confinement is the most novel and spectacular prediction of

QCD - unlike anything seen before.

The development of the flux tube picture of confinement has a long history. It originally
emerged in the 1970s when Yoichiro Nambu pointed out that the observation of a linear relationship
between the spins of hadrons and the square of their masses could be explained as a consequence
of the assumption that the quarks are tied to the ends of a relativistic string with constant mass

per length. This assumption also leads to a linearly rising potential between static heavy quarks.

The confinement mechanism is related to the fact that gluons carry the color charge, and
becomes evident when we realize that we cannot separate the quarks in a hadron from each other.
The field lines of an electric dipole arrange themselves as shown in Fig. 16a. As we separate the
two charges, the potential energy falls off like 1/r and the force like 1/r2. Consider now a quark
and antiquark as shown in Fig. 16b. Because of the self-interaction of the gluons the field lines form
flux tubes as we increase the separation between the quarks. If we compute the number of field
lines intersecting an area perpendicular to the flux tube we notice that this number stays constant
as we increase r, suggesting a constant force or linear potential. This leads to confinement since
infinite energy is then required to separate the quarks. Recent lattice QCD calculations support
the formation of flux tubes as shown in Fig. 17a where the action density (energy density) is plotted
for a qq pair. The formation of the flux tube is evident. These lattice calculations also show that
the potential for the ¢q pair is linear (Fig. 17b) for r greater than about 0.2 fm. Moreover, the
energy levels observed for heavy quarkonium are in agreement with a linear potential. Today there
is a wide consensus that the Nambu flux tube conjecture was correct and that QCD confines the

quarks by flux tube formation.

Conventional mesons

The conventional mesons of the original quark model correspond to the flux tube being in

its ground state. The conventional mesons made from the w, d, and s quarks are grouped in
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Figure 16: Comparing force field lines for QED and QCD. The field lines for an electric dipole
(left); and the color field lines for a quark and antiquark (right)
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Figure 17: Evidence for flux tubes and linear potentials from lattice QCD. The action density
(energy density) in the space surrounding a quark and antiquark (left) [Ba00]; and the inter-quark
potential (right) [Ba97].
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nonets, each characterized by a given J¥'C determined by the relative orientation of the spins of
the quarks and their orbital angular momentum. The rules for allowed values of JX¢ follow from
the requirements of a fermion-antifermion system: the quark spins can be parallel (S = 1) or
antiparallel (S = 0) with relative orbital angular momentum (L), J = L+ §, P = (=1)L+1 and
C = (=1)I*5. For these ¢q systems JP¢ combinations of 0=, 07—, 1=+, 2t~ ... are not allowed
and are referred to as exotic quantum numbers. The range of masses of established conventional

meson nonets and their radial excitations extend from the 7 mass up to about 2.5 GeV/c?.

Mesons and gluonic excitations

Mesons can also be generated when the flux tube or string is plucked or excited. The two
degenerate first excited states of the string are the two longest-wavelength vibrational modes of this
system, and 7 /r is their excitation energy since both the mass and the tension of this “relativistic
string” arise from the energy stored in its color force fields. (This low-lying gluonic spectrum is
model-independent for m — 00.) The vibrational quantum numbers of the string, when added to

JPC — exotic hybrids — hybrids because the

those of the quarks, can produce mesons with exotic
mesons manifest both their quark and gluonic content. Because the gluons carry color charge it is
also possible to form bound states of glue with no quarks present. Such mesons are called glueballs.
Figure 18 shows a level diagram giving the range of masses for the conventional gg nonets and
estimates of the masses of the lightest glueballs and hybrids, and thresholds for possible nearby

associated molecular meson-meson bound states.

Focusing on light-quark exotic hybrids

The focus of the Hall D project is in the light-quark hybrid sector. The initial benchmark
states will be the exotic hybrids, which cannot mix with ¢q and which therefore have a smoking
gun signature. Although there is strong circumstantial evidence for glueballs, the possibility of
mixing with ¢¢ complicates their discovery. Lattice QCD predictions about heavy-quark exotic
hybrids are at least as reliable as for the light-quark hybrids but the experimental situation is far
more problematic. The production cross sections are a few orders of magnitude lower. At the
higher energies needed to produce these more massive states many other uninteresting processes
can contribute to background. Also, these more massive states have many more decay channels
available, decreasing the yield for any one particular mode to be studied. Finally, to unambiguously
tag a charm or beauty hybrid one must identify detached vertices, further complicating the exper-
imental setup. Another venue for exotic vector hybrids is production in eTe™ collisions, but this

production is suppressed by an angular momentum barrier (the excited flux tube carries J = 1).
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Figure 18: A level diagram showing conventional nonets and expected masses of glueballs, hybrids
and molecular thresholds. The vertical axis is in units of GeV/c?. For the qg boxes the L refers to
the angular momentum between the quarks and each J¥C refers to a nonet of mesons.
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From every point of view, photoproduction of light-quark hybrids is expected to be our best

handle for providing the information we need to understand confinement.

Observation of gluonic excitations

Lattice QCD and flux tube model calculations are in agreement that the masses of light-quark
hybrids range from 1.5 to 2.5 GeV/c? with the lightest exotic hybrid (J¥¢ = 17F) having a mass
about 2 GeV/c? [Be97, Ju97]. After about 15 years of searching we have in hand two candidates
for exotic hybrids. The first has a mass of 1.4 GeV/c? decaying into 7~ [Th97, Ab98] — the
evidence for this state is not without controversy. The second, perhaps a more firmly established
state, is at 1.6 GeV/c? and decays into p°n~ [Ad98]. Both have the assignment: J'¢ = 177,
These states were reported by the E852 collaboration which studied 77 p interactions using the
AGS at Brookhaven National Laboratory. Both states have also been independently confirmed. It
is noteworthy that the two candidates have masses below the expectations from lattice QCD and
the flux tube model for the lightest exotic hybrid [Ba95]. In addition, the decay modes observed are
not those favored by the flux tube model. In this model, the exotic hybrid’s favored decay mode is
into S+ P where S indicates a conventional qq meson with L = 0 while P indicates a conventional
qq meson with L = 1. This comes about from how the exotic hybrid gives up its spin to the decay
daughters, and possibly explains why exotic hybrids have not yet been observed — the decay modes

are complicated. A favored mode, for example, would be into bym — w2m — 57.

Lattice QCD calculations indicate that the lightest glueball is a scalar with a mass in the range
from 1.5 to 1.7 GeV/c? [Mo97, Ba93, Se95, Ba97]. Indeed there is evidence from the Crystal Barrel
experiment, which studied pp annihilations at CERN, that the fp(1500) is a leading candidate for
a glueball [Am95, Am96]. There are, however, indications that this state is not a pure glueball
but has some mixing with conventional ¢g [Cl00]. There are strong indications that the scalar
meson sector contains one or more glueballs since there are several more states observed than
can be accommodated in the simple ¢ model. However, the unique identification of a glueball
is exacerbated by the possibility of mixing with ¢g. Lattice QCD indicates a rich spectrum of
glueballs, all with non-exotic quantum numbers, from 1.5 to 2.5 GeV/c?. The lightest glueball with
exotic quantum numbers is predicted to have J¥¢ = 2+~ and to have a mass of 4 GeV/c? [M097].

This then is the tantalizing evidence in hand for gluonic excitations. In the case of the exotic
hybrids, the range of masses of putative states observed is significantly lower than expectations,
and the observed modes of decay are not those expected to be favored [Is85, Ba95]. Lattice QCD

calculations are being refined, and significant progress on reducing the theoretical errors on masses
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and more information on decay modes is expected in the next five years as computational techniques
improve and computer power keeps increasing. Flux tube model calculations are in hand for both
masses and decay modes [Is85, C195, Ba95, Ca91|. Given the state of current observations, with
their uncertainties and limitations, the flux tube model has not been ruled out. Clearly more data
are needed. As will be shown below, photoproduction reactions are expected to be a rich source of
hybrids — exotic and non-exotic. Once these states are discovered and mapped out, we will have
the data needed to constrain our theoretical understanding of the details of confinement. Without

more data, there will be little progress.

2.A.2 Photoproduction of Gluonic Excitations

The photon is expected to be particularly effective in producing a smoking gun signature for
gluonic excitations: hybrids with exotic JPC. In this regard, we will compare the effectiveness of
the m or K as a probe with that of the photon. In the former case, the meson is a gg with spins
anti-aligned (S = 0), and in the latter, the photon is a virtual ¢ with spins aligned (S = 1). In
both cases, the relative orbital angular momentum is zero (L = 0) and the flux tube connecting the
quarks is in its ground state. Exotic quantum numbers can also be produced by non-gg objects, such
as meson-meson molecules, but these states are expected to have very different flavor systematics

and production t-dependence than the JC exotics.

Consider what happens when the beam probe approaches a target proton and scatters. A
possible outcome is a transfer of energy that excites the flux tube to its lowest excited state.
Lattice QCD and flux tube models both indicate that the lowest excited flux tube has J = 1 [Be97,
Is85, La97]. The flux tube, or string, can be spinning clockwise or counter-clockwise around the
qq line leading to two degenerate states — degenerate since the energy should not depend on which
way the flux tube is spinning. The states that are linear combinations of these two rotations are
eigenstates of parity and charge conjugation leading to two possibilities for the excited flux tube:
JPC = 17F or JP¢ = 11~ Suppose we start with the ¢G in the S = 0 and L = 0 (or JF¢ =0+
— the 7 or K) configuration. Combining this with JX¢ = 1=+ or JP¢ = 17~ of the excited flux
tube results in hybrid mesons with J¥¢ = 17+ or J¥¢ = 1~ ~. These are non-exotic. If, however,
we start with ¢q in the S = 1 and L = 0 (or JP“ = 17~ — the vector photon) configuration, the
resulting hybrid can have JP¢ = [0, 1, 2]*~ for the flux tube with J¥¢ = 1-F and J¥¢ = [0,1,2]"+
for the flux tube with J©¢ = 17—, So we see that in the case of the vector probe, the resulting
hybrids can have six possible J of which half are exotic combinations whereas, for 7 or K probes,

no exotic combinations are generated.
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In the next section, we will discuss how the technique of PWA will be used to extract infor-
mation about the spin and parity of produced states. In a photon beam this process is greatly
aided by using photons that are linearly polarized. Linear polarization will be provided using the
technique of tagged, coherent bremsstrahlung off a crystal radiator. The details of how this photon
beam will be produced are discussed later in this White Paper (see Section 4.E.2).

2.A.3 Partial Wave Analysis and Photon Polarization

Kinematics

The technique used for identifying meson states (their masses, widths and J¥'¢) is partial wave

analysis. Consider a specific exclusive process:

v X
P — Xp
Exchange particle s = (py + pp)?
t= (p'y — DPx )2
p N

The center-of-mass energy squared, s, and the momentum-transfer-squared, ¢, between the incoming
beam and outgoing X are defined in terms of the four-vectors of the particles as above. The behavior
of the cross section with s and ¢ depends on the production mechanism, which is usually described
in terms of the particle or particles which can be exchanged as shown above. For example, if the
exchange particle is a pomeron (diffractive process) the cross section is nearly constant in s. For
meson-exchange processes, cross sections typically fall off as 1/s%. The dependence on ¢ is typically

exponential:
dN
—
dt

with o ~ 6 — 8 GeV~2. For the process above, at high enough photon beam energy, E,, we can

6—a\t|7 (1)

make the approximation s ~ 2 - EJ*X. For fixed s, and mass of X, my, there is a minimum
needed to produce X. This |t

and decreases with increasing E., for fixed myx. Coupled with the steep dependence implied in

value of |t], or [t] .., min increases with increasing mx for fixed E,,

equation (1), the dependence of |t| . on mx will affect event yields. In addition, the line shape of

min

a resonance can be distorted if the variation of |t| ; across the width of a resonance is too rapid.
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Partial wave analysis goals

The goal of the PWA is to extract information about the line shape of a resonance with mass
mx and to determine the production mechanism and decay modes as well. This necessitates doing
the PWA in fine enough bins in mass and |t|. Our criteria are to do the PWA in mass bins of
10 MeV/c?, with roughly ten equally populated bins in [t|. With the statistical sample expected
after one year of running with 107 photons/s, the statistical error in the central peak of an exotic
meson for a given bin in |t| will be of order 3%, assuming the exotic is produced with a 5%

probability relative to conventional mesons.

It is important to stress here that the detector design focuses on hermeticity and resolution
to ensure nearly uniform coverage with well-understood acceptance functions for various decay
angles. Kinematic fitting will also be used to identify exclusive processes. The design focuses on the
requirements of the PWA. The existence of well-established resonances will be used as benchmarks
for the PWA. They also provide benchmarks for the phase variation of candidate exotic states.
Furthermore, candidate exotics can appear with multiple decay modes which should give consistent
results; i.e., by and fin. In addition, the same decay mode, such as nm, should be observed in
several channels where n — 7T7~ 7Y, n — 37°, and  — 2. Each of these modes leads to different

acceptances and systematics, providing a powerful check on the PWA results.

This is all nicely illustrated by the PWA performed by the E852 collaboration, which re-
ported the 17+ p7~ exotic state in the reaction 7~p — nt7n~ 7 p at a beam momentum of
18 GeV/c [Ad98]. In Fig. 19, the acceptance-corrected (average acceptance was 25%) distributions
of the 7™n 7~ and w7~ effective masses are shown. The positions of well-established meson
states are shown, even though the a1 (1260), for example, does not show up prominently. The PWA
assumes a parent decaying into a 77 state and an unpaired 7 followed by the decay of the mw state.
The resulting decomposition into various waves is shown in Fig. 20. The decomposition now clearly
shows the 7(1800) in the 0~ wave, the a;(1260) in the 1T+ wave, the m3(1670) in the 2= wave,
and the a»(1320) in the 27 wave. Evidence for the exotic 1~ pr is shown in Fig. 19¢ and d. Also
shown in this figure is the effect of leakage of non-exotic waves. Finally in Fig. 20 a coupled fit to

the wave intensities and phase difference between the 17 and 2=+ waves is shown.

We point out here that impressive as these data are, the statistics expected for Hall D will far
exceed those of the E852 experiment, and the detector will be far better designed and understood
since this project is focused on optimizing the design for this sort of analysis. A test partial wave
fit using simulated data and the Hall D Monte Carlo is discussed within the context of the Hall D
detector (Section 4E). The ability to do a good partial wave analysis is a critical part of the design
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Figure 19: E852 results: acceptance corrected effective mass distributions for the 777~ 7~ combina-
tion (a) and the 777w~ combination (b) (two entries per event). (c) and (d) show the intensities for
the waves corresponding to 1~ into pm, where the two figures correspond to different naturalities
of the exchanged particle. The shaded distributions are an estimate of leakage due to non-exotic
waves.

of the Hall D detector. A discussion of the PWA technique for specific processes within the context

of the Hall D detector is included in the discussion of the apparatus and its design criteria.

Linear and circular polarization

We start with a review of the relationship between linear and circular polarization. A right-
handed, circularly polarized photon (|R)) has m = 1 while for the complementary, left-handed |L)
photon m = —1. These are related to the linear polarization states, |z) (in production plane) and

ly) (perpendicular to production plane) by:

L
V2
—1

z) = (IR) + L))

(2)
(3)

7% (IR) = L))

We will use these relations in several straightforward cases to show how linear polarization:

ly) =

1. can provide information on decays in lieu of statistics,

2. is essential in isolating production mechanisms, and

3. can be used as an exotics filter if the production mechanism is known.
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Figure 20: E852 results: the combined intensities for all fit waves. (a)is 07F; (b) is 171; (¢) is 27
and (d) is 27*. Figures (e) and (f) show results for the intensities of a coupled mass-dependent
Breit-Wigner fit of the 1= and 2~ wave. (g) shows the phase difference between the two waves,
and (h) shows the individual phases: 1 is the 17 wave, 2 is the 27" wave, and 3 is the background

phase.
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Linear polarization and statistics

To illustrate how linear polarization provides useful information in the PWA, consider the case
of the photoproduction of a vector meson which subsequently decays into two pseudoscalar mesons.
Possible examples are p — w7 or ¢ — K K. Suppose the production mechanism produces the vector
meson with the same helicity as the incident photon (or s-channel helicity conservation). In the

rest frame of the vector the two-pseudoscalar wavefunction is described by Y7™ (6, ¢)  sin §ei™?.

For circularly polarized photons (either m = 1 or m = —1) the square of this amplitude carries
no ¢ information, while for in-plane photons there is a cos? ¢ dependence and out-of-plane a sin? ¢
dependence in the decay angular distribution since in these cases we have the sum or difference of
Y;™ and Y ! according to equations (2) and (3). Although not essential in determining spin, a
gain of statistics is needed to recover a drop in the degree of linear polarization. Indeed our Monte
Carlo simulation studies indicate that the increase in statistics necessary for a fixed accuracy in

the analysis is proportional to the decrease in polarization.

Linear polarization and the production mechanism

This is best illustrated by considering a specific example. Suppose we produce a vector particle
(J¥ = 17) by the exchange of a scalar particle (J© = 0%, corresponding to natural parity exchange)
or a pseudoscalar particle (J¥ = 07, corresponding to unnatural parity exchange). We wish to
determine whether the vector is produced by natural (amplitude Ay) or unnatural (amplitude Ay)
parity exchange. In the center-of-mass of the produced vector particle, the momentum vectors of
the beam photon and exchange particle are collinear. For circularly polarized photons, the m of the
vector is the same as that of the photon. From parity conservation, the orbital angular momentum
between the photon and exchange particle is L = 0 or L = 2 for natural parity exchange and
L =1 for unnatural parity exchange. So for circularly polarized photons, with m = +1, the total
amplitude is Ay + Ay whereas for m = —1, the total amplitude is Ay — Ay. This follows simply
from the addition of angular momenta. Circularly polarized photons allow us to measure only the
sum or difference of the two exchange amplitudes. If however, we have linearly polarized photons
along the z-direction, we extract Ay using equation (2) and for polarization along the y-direction,

we extract Ay using equation (3).

Linear polarization as an exotics filter

Using arguments similar to those above, it has been shown that linear polarization can be used
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as a tool to filter exotics. For example, a pm system with I = 1 has C' = 4. Suppose that one
can determine the naturality of the exchange particle by selecting data within a range of |¢|. For a
produced C' = + particle with spin 1 we can have natural parity (J©¢ = 17+ — exotic) or unnatural
parity (J¥¢ = 1* — non-exotic). In the case of natural parity exchange the in-plane polarization

JPC = 1t*. For unnatural

selects the JPY = 171 wave while out-of-plane polarization selects
parity exchange the reverse is true. Note that in this case we are specifying the naturality of the
exchange and using linear polarization to select the naturality of the produced particle. In the
previous section, we specified the naturality of the produced particle and used linear polarization

to select the naturality of the exchanged particle.

2.A.4 The Optimal Photon and Electron Energies

What is the optimal photon beam energy to reach the Hall D physics goals? The goal of this
experiment is to search for mesons in the mass range from 1 to 2.5 GeV/c?. An incident photon
energy of just under 8 GeV is sufficient to produce a meson of mass 3 GeV/c?. We also want
and the

exponentially falling distribution in |¢|, as discussed in the previous section. The relative yield for

to produce mesons with sufficient yield. The yield is determined by the value of |¢| .,
a slope parameter of @ = 8 (GeV/c)~? is shown in Fig. 21a. Another consideration is the ability
to kinematically separate meson resonance production from baryon resonance production. As an

example, we considered various reactions leading to a final state: 7t7~7tn. We enumerate the

possibilities:
v — Xtn—oprtn—oatratn (4)
vp — p’AT = pPntn - ataTatn (5)
v — 7TA®Y s Tt (6)

The first of these is the reaction of interest. We can reduce the other two by requiring that the
effective mass of any mn or m7mn combination be outside the baryon resonance region (greater than
1.7 GeV/c? for this exercise). The fraction of events for which we are able to use kinematics to
remove the offending reaction is shown in Fig. 21b as a function of beam momentum and for various

mx Imasses.

Whereas the considerations mentioned thus far favor higher photon beam energies, other con-
siderations favor a lower photon beam energy. For the tagged and collimated coherent photon beam
the variation in flux, for constant total hadronic rate in the detector, is plotted in Fig. 22a as a

function of photon beam energy for three different values of electron energy. In Fig. 22b the degree
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Figure 21: Various figures of merit to choose the optimal photon beam energy: (a) the relative
meson yield as a function of photon beam energy for various meson masses (left); and (b) the
fraction of events in which meson and baryon resonances are separated as a function of photon
beam energy for various meson masses (right).

of linear polarization is plotted as a function of photon beam energy for three different values for

the electron energy as well.

Finally, in Fig. 23 we plot an overall figure of merit that folds together the variation of beam
flux and the degree of linear polarization with beam energy and with the effective yield (taking
into account |t| . effects and the ability to kinematically separate meson resonances from baryon

resonances).

From this and other considerations we conclude that the optimum photon beam energy is
between 8 and 9 GeV. The other considerations include the facts that for beam energies significantly
below 8 GeV the line shape for resonances at the upper end of our mass range of interest is severely
distorted, and for beam energies above 9 GeV, the momentum resolution for charged particles from
two-particle decays of mesons at the lower end of our meson mass range is degraded since the

transverse momentum of the decay products is small.

Taking all of these considerations into account, we find a clear sweet spot for the photon beam
energy — 8 to 9 GeV . Of equal importance is that it is clearly desirable to have an electron energy
as close as possible to the maximum energy achievable with the proposed Upgrade. The plots of

Fig. 22 show the price of dropping this electron energy in terms of flux and polarization.
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2.A.5 External Review of the Hall D Project

The details of the civil construction, beam, detector, rates, and analysis will be presented in a
later chapter of this White Paper. We point out here that a committee chaired by David Cassel
(Cornell) and consisting of Frank Close (Rutherford Laboratory), John Domingo (Jefferson Lab),
William Dunwoodie (SLAC), Donald Geesaman (Argonne), David Hitlin (Caltech), Martin Olsson
(Wisconsin), and Glenn Young (Oak Ridge) reviewed the project plans in December 1999. The
committee was asked to address three principal questions, whose answers were to be based on the
answers to more detailed questions. The questions cover both the physics and the experimental
technique [Ca00].

The physics motivation was described above and the technique, including the beam and detec-
tor, are discussed in greater detail in the discussion of Hall D. However, in order to provide some
background to the review report summary below, we briefly point out the following about the beam
and detector. The coherent bremsstrahlung technique involves passing a fine electron beam from
the CEBAF accelerator though a wafer-thin diamond crystal: at special settings for the orientation
of the crystal, the atoms of the crystal can be made to recoil together from the radiating electron,

leading to the emission, at particular photon energies, of linearly polarized photons.

The use of a solenoidal spectrometer allows for the measurement of charged particles with
excellent efficiency and momentum resolution while, at the same time, containing the shower of un-
wanted electron-positron pairs associated with the photon beam. One of the two largest components
of the detector is the superconducting solenoid that was originally used in the LASS experiment at
SLAC and later moved to LANL for the MEGA experiment. The other is the 3000-element lead
glass detector originally built for the E852 experiment, which used the MPS at the Brookhaven
AGS. Both components are available for use in Hall D, and their availability reduces the cost of

the Hall D experimental apparatus by about $10M.

Review report summary
The questions posed to the review committee and their answers or conclusions were:

1. Evaluate the scientific opportunities presented by the Hall D project.

This collaboration proposes to explore systematically the light mesons (with masses up
to about 2.5 GeV/c?) with capabilities far beyond those of previous experiments. The

copious spin and flavor initial states produced by photon beams will be an extremely
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useful tool in this endeavor. Thorough study of the masses, spins, parities, and charge
conjugation states of these light mesons will require a complete partial wave analysis.
This will provide a much deeper understanding of quark-antiquark states, and will as
well permit a definitive search for mesons with exotic quantum numbers, particularly
hybrid states and glueballs. This search is very high-priority physics, since the states
mwvolving excited glue, as well as quarkless glueball states, must exist if QCD is the
correct theory of the strong interactions. JLab is unique in being able to provide the
high-quality, low-emittance, cw photon beams that are required for this experiment. In
addition, JLab and a significant segment of the JLab physics community are committed
to this physics program. Together these provide a unique opportunity for exploring light

meson states and making definitive searches for exotic states in this mass region.

2. Review the collaboration’s approach to the realization of that facility.

The general design of the detector is technically sound. This is verified by a detailed
comparison of the capabilities of the proposed Hall D detector with those of the successful
LASS detector. This comparison leads to the conclusion that the proposed detector and
beam combination will be able to realize the physics goals of the project. However,
substantial effort must be invested to optimize the detector design and minimize the
cost. The items requiring optimization that we have identified are described in detail in
the report. These optimizations are part of the RED required to prepare a conceptual
design report (CDR) for the Hall D project. Preparation of a CDR with the associated
work breakdown structure (WBS) and resource-loaded cost and schedule will require a
project office at JLab with a project director and a well-structured organization designed

to address the necessary R€D and optimization efforts.

3. Recommend R&D needed to optimize the facility design and to minimize the overall

project cost.

The RED item of greatest concern is ensuring that the magnet is still functional, par-
ticularly the fourth coil, which has not been used for at least 15 years. RED should also
include construction of prototypes to optimize detector design; to validate mechanical,
electronic, and software choices; and to ensure the feasibility of the proposed coherent

bremsstrahlung system.
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The committee commented on the uniqueness of JLab for carrying out this search using the

coherent bremsstrahlung beam:

JLab, with the energy upgrade, will be uniquely suited for providing such a beam. In
particular, the excellent emittance of the JLab electron beam allows for strong collimation
of the coherent bremsstrahlung radiation to enhance the polarization and ratio of tagged
to untagged photons in the tagged photon beam. No other facility in the world will be
able to provide a beam of this quality, with this combination of energy, duty factor, and
emittance. If such a project were pursued at other existing high-energy facilities, either
the data-taking rate would be dramatically reduced, compromising the physics goals, or
a much more complicated detector would be required. We do not see any project at an
existing accelerator complex (e.g., SLAC, CESR, DESY) which is likely to be able to

compete with the Hall D initiative in this area.

Since the report was issued in January 2000, the Hall D collaboration has started on an active
R&D program to address issues of optimization and design. Work is underway in electronics,
particle identification and tracking. The lead glass detector is now being moved from Brookhaven
Lab to JLab.

Two areas of concern raised by the committee have now been addressed. An assessment team
visited the Los Alamos National Laboratory (LANL) in March 2000 to examine the superconducting
magnet and fourth coil. That team included the two engineers who originally designed, built, and
tested the magnet for its use in the LASS spectrometer at SLAC and were also involved in the
transfer of the magnet to LANL. The team found the magnet and fourth coil to be in excellent
condition based on visual inspection, interviews with users and engineering and technical staff,
and a review of written records. Another concern was the ability to obtain synthetic diamonds
thin enough (= 15 microns) to achieve the necessary collimation. Recently the group from the
University of Glasgow has joined the Hall D collaboration. They have acquired sufficiently thin

crystals and are making measurements of rocking curves with them.

In summary, the review committee recognized the uniqueness of an energy-upgraded CEBAF
accelerator at JLab to carry out the definitive searches for the states required by QCD. The
major concerns they raised have already been addressed. The program of R&D recommended for

optimization and technology choices has started.

46



2.A.6 The Spectroscopy of ss Mesons

In order to carry out a complete search for exotic mesons, it will be necessary to understand the
spectrum of normal mesons as well. They will both provide the references against which the exotic
states will be observed, and mix with hybrids that have non—exotic quantum numbers. As such,
understanding the normal meson spectrum will be a natural byproduct of the exotic searches in

Hall D. Of particular interest with the normal mesons are the s§ states, strangeonium.

The non-strange nn mesons (mesons built only from u and d) are fairly well established ex-
perimentally at lower masses, albeit with notable exceptions such as the scalar states. Taking
2.2 GeV/c? as a current frontier of light-meson spectroscopy, the quark model anticipates 44 nn
states up to this mass. About half these mesons have been identified experimentally. Similarly
we anticipate 22 kaonic J¥'C levels (n5 and sn), and about two-thirds of these are known. In
comparison the ss strangeonium states are a terra incognita: we consider only five s§ states to be
well established. These are the 7(547) and 7/(958) (counted as one s§ state), ¢(1019), f5(1525),
#(1680), and the ¢3(1854). Other more controversial possibilities are 7(1295)/1(1440), h}(1380),
and f1(1420).

Photoproduction is an excellent technique for producing ss mesons, because the incident pho-
ton is, in effect, a vector-meson beam with a large ¢-meson component. Much of the photon-hadron
interaction takes place through vector dominance, in which the incident photon becomes a vector
meson. The relative probability of interacting through the different light meson types is 9:1:2 for
p°:w:¢ according to the quark model, and this relative coupling strength is approximately con-
firmed by the diffractive cross sections for vector-meson photoproduction. (There is an additional
suppression of the s§ cross section by about a factor of 2 that is not well understood.) Thus in
photoproduction we have the opportunity to produce mesons with vector-meson beams of all diag-
onal light flavors u@, dd, and s5, with a known relative luminosity between the flavors. At Hall D
energies, and in the absence of a large s5 component of the proton, diffractive photoproduction will
presumably dominate the ss cross sections. Both of these produce exclusively C' = (—) states. The
exception to this rule will be channels where ¢-channel exchanges of OZI-violating systems (like
those of n-n') produce ss final states. Other mechanisms such as t-channel vector exchange can
be expected to lead to photoproduction of C' = (+) s§ states, albeit at a lower level. In contrast,
hadronic production of ss states is suppressed because the initial hadrons provide, at most, one

strange valence quark.

If these ss states were expected to be simple copies of the nn states, with the mass of each

state simply shifted up by about 250 MeV/c?, establishing the s5 spectrum might be considered
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a mundane exercise. However, recent studies within the context of Heavy Quark Effective Theory
have shown that while sometimes u, d, s behave like an SU(3)jign, multiplet (the Eightfold Way)
and therefore do display such symmetry with respect to nn states, in other cases the s quark
behaves like a heavy quark (s,c,b) and behaves like it is part of an SU(3)peavy Symmetry. One
dramatic example of this occurs for the QQd mesons with Q = b, ¢, s, where the two L=1 states
with J=1 (namely the 3P; and 'P; states) are measured to have the heavy-quark mixing angle of
about 35° for not only bd and cd as expected, but also for sd. That the s quark might have such
a schizophrenic character was pointed out long ago by Gell-Mann: a light quark is defined to be
one with a mass < Aqcp, while a heavy quark is one with a mass > Aqcp. Since my; ~ Aqep,
the s quark straddles the border between these two worlds. Exploring the similarity between the
5s spectrum and the QQ systems needs to be understood to bridge the gap between Heavy Quark
Effective Theory and the light-quark world in which we live.

The s5 sector has other interesting features. For example, some decay modes should be very
clean. These include channels such as ¢n, ¢, and ¢¢, which, according to the Zweig rule, should
only arise from s5 initial states. One may also study channels such as ¢, which are not expected
as decays of qq states. One might find evidence for molecular states or Zweig-rule violation in
this channel. Observation of both the nn and s§ partners of a flavor nonet would be useful for
establishing the ¢ (and ggg hybrid) spectrum, since the relative photoproduction amplitudes can
be estimated. This would distinguish a g or hybrid flavor nonet from a meson-meson molecule or

a glueball, as molecules and glueballs do not span nonets.

The discovery of the CERN glueball candidate has emphasized the puzzling behavior of ss
systems [Ba93, Se95, We94, Am95, Am96]. The observed decays of the fp(1500) are far from the
flavor-symmetric pattern of: 77 : KK :nn:nn’ = 3 :4:1:0 (for branching fraction divided by
phase space) that one would expect from a simple model of glueball decay, and instead strongly
favor . This may be due to an intrinsic quark mass dependence of these couplings (as suggested
by the LGT results of Weingarten et al. [We94]), or (as suggested by Close and Amsler [Am95]) it
may be due to a large nfi <> G <> $5 mixing similar to the nfi <> $3 mixing in the n — ' system.
While all JP¢ channels will provide important information regarding nn <+ s5 mixing, the most
likely a priori to show a significant effect are the radial pseudoscalars (perhaps the 7(1295) and the
7(1440)) and the 2T pseudotensors. The 2~ states are interesting because some models predict
this to be one of the lighter glueball channels. In addition, there are 7y states at about 1.65 and
1.87 GeV/c? (reported by Crystal Barrel [Ad96]), both of which couple strongly to modes forbidden
to ss by the Zweig rule. Understanding the s5 states and how they are mixed is likely to provide

a significant constraint on our understanding of QCD.
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2.B Campaign 2: How are the Nuclear Building Blocks Made from Quarks and
Gluons?

This section describes the dramatic progress that can be achieved in our understanding of the
fundamental structure of the nuclear building blocks. One glaring gap in our knowledge exists
in the region of the three basic “valence” quarks that mainly contribute at large zp;. Section
2.B.1 highlights the substantial improvements that can be reached probing parton distributions at
large zp; using the deep inelastic scattering process.! Such a process measures a diagonal matrix
element (i.e., initial and final state are the same) of QCD field operators. Recently, a generalization
of these parton distributions encompassing the description of exclusive processes was developed.
Section 2.B.2. describes the strategy needed to verify that one is in the domain where these
generalized distributions can be accessed. In the most straightforward example, deeply virtual
Compton scattering, one can gain supplementary information on partons in the intermediate and
large xp; region. Here one accesses non-diagonal matrix elements of QCD field operators. Similarly,
in this framework hadronic form factors access a non-diagonal matrix element of local QCD field
operators. Thus, hadronic form factors are related to the same generalized parton distribution
functions. As such, we highlight in Section 2.B.3 the substantial progress one can reach in hadronic

form factor measurements.

Deep inelastic inclusive scattering shows that scaling at modest Q? and v already arises from
very few resonance channels. This duality reflects the transition from strongly interacting matter
to a quark-gluon theory, and thus is of fundamental importance. If quantitatively understood,
low-energy quark-hadron duality can be used to obtain precise constraints for parton distributions
at even larger xp;. This is described in Section 2.B.4. Lastly, in semi-inclusive meson production
the scattering and production mechanisms factorize at high energy. To what extent this factoriza-
tion applies at lower energy is an open question. Confirmation of factorization at lower energies
would open a rich semi-inclusive program, as discussed in Section 2.B.5, allowing an unprecedented

spin/flavor decomposition of parton distributions.

1n this section z B; is used for “Bjorken-z”, the deep inelastic scattering scaling variable (which ranges from
0 — 1) rather than the simpler notation, z, used in the executive summary. This has been done to avoid confusion
with the variable = used in the Generalized Parton Distributions (GPD’s) discussed in this section; for the GPD’s, z
denotes the generalized parton momentum distribution (which ranges from —1 — 1 because it includes the antiquark
distribution).
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2.B.1 Valence Quark Momentum Distributions

One of the most fundamental properties of the nucleon is the structure of its valence quark distrib-
utions, since they are the irreducible kernel of each hadron. Sea quarks, which at very high Q? are
largely generated in perturbative QCD through gluon bremsstrahlung and subsequent splitting into
quark-antiquark pairs, at low Q? represent one source of the nonperturbative “meson cloud contri-
butions” that act as “dressing” on the valence quarks. At higher = values these qq complications

drop away, and the simple physics of the valence quark model is exposed [Is99].

Experimentally, most of the recent studies of nucleon structure have emphasized the small-
xp; region populated mainly by sea quarks (zp; being the fraction of momentum of the nucleon
carried by the quark), while the valence quark structure has for some time now been thought to
be understood. Three decades of deep inelastic and other high-energy scattering experiments have
provided a detailed map of the nucleon’s quark distributions over a large range of kinematics with
one major exception — the deep valence region, at very large xp; (xp;>0.5). In this region the
valence structure of the nucleon can be probed most directly, since sea quark distributions, which
must be subtracted from the measured cross sections to reveal the valence structure, are negligibly
small beyond xzp; ~ 0.2 —0.3. It is both surprising and unfortunate that the large-zp; region has

been so poorly explored experimentally.

This situation is clearly evident in the valence v and d quark distributions, which are usually
obtained from measurements of the proton and neutron structure functions, F% and F3, respec-
tively. At leading order these functions are defined as the charge-squared weighted sums of the

quark and antiquark distributions of various flavors (¢ = u,d, s, .. .):

Fy(zp;) = 2apjFi(zp;) = zp; Y _es(q(zp;) +a(zs;)) - (7)

While the u quark distribution is relatively well constrained by the F} data for xp; < 0.8, the
absence of free neutron targets has left large uncertainties in the d quark distribution beyond
zpj ~ 0.5 arising from incomplete understanding of the nuclear medium modifications in the
deuteron, from which F¥' is extracted. For instance, depending on whether one does or does not
correct for Fermi motion and binding (off-shell) effects in the deuteron, the extracted R"? = F'/F}
ratio can differ by ~ 50% already at xp; ~ 0.75 [Me96, Wh92| (see Fig. 24).

These large uncertainties have prevented answers to such basic questions as why the d quark
distribution at large xzp; appears to be smaller (or “softer”) than that of the u, softer even than
what would be expected from flavor symmetry. Furthermore, since the precise xg; — 1 behavior of

the d/u ratio is a critical test of the mechanism of spin-flavor symmetry breaking, the large errors on
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Figure 24: Ratio R™ of neutron to proton structure functions as a function of zp;, extracted
from the SLAC data on the deep inelastic proton and deuteron structure functions. The left panel
represents R™ extracted according to different prescriptions for treating nuclear effects in the
deuteron: Fermismearing only [Bo81, Wh92], Fermi motion and nuclear binding corrections [Me96],
and assuming the nuclear EMC effect in the deuteron scales with nuclear density [Fr88]. The right
panel shows the projected data with total (statistical, systematic, and model-dependent) errors for
the proposed 3H and *He JLab experiment.
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the current data preclude any definitive conclusions about the fundamental nature of quark-gluon
dynamics in the valence quark region. From another perspective, knowledge of quark distributions
at large xp; is also essential for determining high-energy cross sections at collider energies, such
as in searches for new physics beyond the standard model [Ku00], where structure information at

zpj ~ 0.6 — 0.8 feeds down to lower xp; at higher values of Q)? through perturbative Q? evolution.

The need for reliable large-xp; data is even more pressing for the spin-dependent quark dis-
tributions. Spin degrees of freedom allow access to information about the structure of hadrons not
available through unpolarized processes. Spin-dependent quark distributions are usually extracted
from measurements of the spin-polarization asymmetry, A;, which is approximately given by the

ratio of spin-dependent to spin-averaged structure functions:

91(z;)
Ai(zpj) ~ S+, 8
1( B]) Fl(xB]) ( )
where, to leading order,
gi(zr;) = Y e (Aq(zpy) + Ad(zpy)) 9)
q

with Aq defined as the difference between quark distributions with spin aligned and anti-aligned
with the spin of the nucleon, Aq = ¢ 1 —q J. The first spin structure function experiments at
CERN [As88] on the moment, or integral, of gi, suggested that the total spin carried by quarks
was very small, or even zero, prompting the so-called “proton spin-crisis”. A decade of subsequent
measurements of spin structure functions using proton, deuteron, and 3He targets have determined
the total quark spin much more accurately, with the current world average value being ~ 30%
[La98a], which is still considerably less than the value expected from the most naive quark model

in which valence quarks carry all of the proton spin.

While the spin fractions carried by quarks and gluons (or generically, partons) are obtained by
integrating the spin-dependent parton momentum distributions, the distributions themselves, as a
function of the momentum fraction zg;, contain considerably more information about the quark-
gluon dynamics than their integrals do. Furthermore, the spin-dependent distributions are generally
even more sensitive than the spin-averaged ones to the quark-gluon dynamics responsible for spin-
flavor symmetry breaking. Considerable progress has been made in measuring spin-dependent
structure functions over the last decade, especially in the small xp; region. However, relatively
little attention has been paid to the polarized structure functions in the pure valence region at
large xg;. The lack of data in the valence region is particularly glaring in the case of the neutron,
where there is no information at all on the polarization asymmetry A7 for zp; > 0.4. This is
unfortunate, since there are rigorous QCD predictions for the behavior of A; as xp; — 1 that have

never been tested.
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Theoretical predictions for large-rp; distributions

The simplest model of the proton, polarized in the 4z direction, has three quarks described

by a wavefunction that is symmetric in spin and flavor [CI73]:

p1) = et ds) + Je=lut (udise) = 3 hud (ud)s)
- %|dT(UU)S:1> - gu“uu)sm (10)

where g 1| represents the active quark that undergoes the deep inelastic collision, and (¢q)s denotes
the two-quark configuration with spin S that is a spectator to the scattering. (The neutron wave-
function can be obtained by simply interchanging the u and d quarks in this expression.) On the
basis of exact spin-flavor symmetry, which is described by the group SU(6), the S =0 and S =1
“di-quark” states contribute equally, giving rise to simple relations among the quark distributions,
such as u = 2d and Au = —4Ad, which in terms of the structure functions correspond to:

2
R = Fy[Ff = =

AV =5/9; and A} =0. (11)

In nature the spin-flavor SU(6) symmetry is, of course, broken. It has been known for some
time that the d quark distribution is softer than the u quark distribution, reflecting the fact that
the neutron-to-proton ratio R™ (shown in Fig. 24) deviates strongly from the SU(6) expectation
beyond zp; ~ 0.4. On the other hand, the data for the polarization asymmetries A} and A} (shown
in Fig. 25) are so poor in the valence region that it is presently not possible to discern whether the

SU(6) predictions are borne out for the spin-dependent distributions.

A number of models have been developed for quark distributions that incorporate mechanisms
for the breaking of the SU(6) symmetry; some of these models can be linked directly to phenomena
such as the hyperfine splitting of the baryon and meson mass spectra. Feynman and others [Fe72,
Cl73, CaT7bal observed that there was a correlation between the nucleon and A mass difference
and the suppression of R™ at large xpj. A quark hyperfine interaction, such as that due to one-
gluon exchange, instantons or pion exchange (which can induce a higher energy for the S = 1
spectator “di-quark” in Eq.(10)) will necessarily give rise to a larger mass for the A since the quark
wavefunction for the A has all “di-quark” configurations with S = 1. If the S = 0 states are
dominant at large xzpj, Eq.(10) implies that the d quark distribution will be suppressed relative
to that of the w in the valence quark region. This expectation has, in fact, been built into most
phenomenological fits to the parton distribution data [Ei84, Di88, Ma94a, La95|. This mechanism

also leads to specific predictions for the polarization asymmetries as xp; — 1:

1
R"p—>1; AV = 1; and AT —1. (12)
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More radical nonperturbative models of SU(6) breaking, such as those which include instantons as
important degrees of freedom, predict dramatically different behavior for A} as xp; — 1; i.e., that

it goes to a low value close to zero [Ko97, Kopc].

Arguments based on perturbative QCD, on the other hand, predict that the dominant compo-
nents of the proton valence wavefunction at large xp; are those associated with states in which the
total “di-quark” spin projection, S, is zero [Fa75]. Consequently, scattering from a quark polarized
in the opposite direction to the proton polarization is suppressed relative to the helicity-aligned

configuration. From Eq.(10) this leads to the predictions in the zp; — 1 limit:
R"™ — %; AY = 1; and A7 — 1. (13)

The novelty of these predictions, especially for A} and A7, is that they follow essentially directly
from perturbative QCD in the limit of Q? — oo and x Bj — 1. However, it is not clear a prior: at
which zp; and (Q? the transition from the nonperturbative dynamics, embodied in the predictions

(12), to perturbative QCD takes place, so experimental guidance on this issue is essential.

While the trend of the existing R™ data is consistent with models with broken SU(6) symmetry,
they cannot discriminate between the competing mechanisms of SU(6) breaking (as evident from
Fig. 24) because of uncertainties in the extraction procedure associated with nuclear corrections.
For the asymmetries A} and AY, while we do not expect the SU(6) predictions to be accurate, the
existing measurements at high zp; lack the precision to even distinguish any of the predictions
from the naive SU(6) result.

The ratio R"? = F}'/F} of the neutron and proton structure functions

If the nuclear EMC effect (the modification of the free nucleon structure function in the nuclear
environment) in deuterium were known, one could apply nuclear smearing corrections directly to
the deuterium data to obtain the free neutron F3'. However, the EMC effect in the deuteron requires
knowledge of the free neutron structure function itself, so the argument becomes cyclic. The best
way to reliably determine R™, free of the large uncertainties associated with nuclear corrections at
large zpj, is through simultaneous measurements of the inclusive 3He and 3H structure functions,
maximally exploiting the mirror symmetry of A = 3 nuclei. Regardless of the absolute value of the
nuclear EMC effect in *He or *H, the differences between the EMC effects in these nuclei will be

small (on the scale of charge symmetry breaking in the nucleus).

In the absence of a Coulomb interaction, and in an isospin-symmetric world, the properties of a

proton (neutron) bound in the *He nucleus would be identical to those of a neutron (proton) bound
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in the 3H nucleus. If, in addition, the proton and neutron distributions in *He (and in H) were
identical, the neutron structure function could be extracted with no nuclear corrections, regardless
of the size of the EMC effect in *He or 3H separately.

In practice, *He and *H are of course not perfect mirror nuclei — their binding energies for
instance differ by some 10% — and the proton and neutron distributions are not quite identical.
However, the A = 3 system has been studied for many years, and modern realistic A = 3 wave-
functions are known to rather good accuracy. Using these wavefunctions, together with a nucleon
spectral function, the difference in the EMC effects for the *He and *H nuclei has been calculated
[Af00b, Pa00, Ci90, Uc88| to be less than 2% for xp; < 0.85. More importantly, the actual model
dependence of this difference is less than 1% for all xp; values accessible experimentally with an
11 GeV beam.

By performing the tritium and helium measurements under identical conditions, the ratio
of the deep inelastic cross sections for the two nuclei can be measured with 1% experimental
uncertainty (SLAC Experiments E139 [Go94| and E140 [Da94, Ta96] have quoted 0.5% uncertainties
for measurements of ratios of cross sections). Deep inelastic scattering with the proposed 11 GeV
JLab electron beam can therefore provide precise measurements for the F23 He FQB H ratio, from which
R™ can be extracted essentially free of nuclear corrections at the 1% level over the entire range
0.10 < xg; < 0.82. In addition, it will for the first time enable the size of the EMC effect to be
determined in A = 3 nuclei, which to date has been measured only for A > 4 nuclei. The key issue
for this experiment will be the availability of a high-density t